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Abstract
We consider several nuclear fusion reactions that take place at the center of
the sun, which are omitted in the standard pp–chain model. More specifically
the reaction rates of the nonradiative production of 3He, 7Be, and 8B nuclei
in triple collisions involving electrons are estimated within the framework of
the adiabatic approximation. These rates are compared with those of the
corresponding binary fusion reactions.
I.
There are two essential differences between nuclear reactions caused by binary and triple
collisions. These differences can be classified as either kinematical or dynamical. The former
are related to the selection rules which prevail in the two– and three–body reactions. Some
binary reactions are forbidden by conservation laws, e.g., conservation of angular momentum,
parity, isospin etc. However such reactions could take place in the presence of a third particle
as the three–body mechanism is kinematically less restricted. This may play a significant
role in nuclear fusion in stellar plasma where the probability of triple collisions is quite high
due to the high density of matter.
The dynamical differences stem from the interdependence of different binary processes.
For example the e+ 7Be and p+ 7Be processes, become dependent, when the triple collisions
e + p + 7Be in plasma are considered which leads to a completely different physical picture.
In the present work we discuss the reaction rates of the following processes
e + p + d→ 3He + e , (1)
e + p + 7Be→ 8B + e , (2)
e + 3He + 4He→ 7Be + e . (3)
According to the standard model of the sun, the 7Be nucleus produced in the pp–cycle,
undergoes transmutation via two different two-body reactions
e + 7Be→ 7Li + ν , (4)
p + 7Be→ 8B + γ . (5)
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Due to the high density of the plasma, however, electrons and protons can always be found
in the vicinity of 7Be and therefore the initial three–body quantum state |p + e + 7Be〉 could
initiate the following reactions
p + e + 7Be −→


7Li + p + ν
8B + γ + e
8B + e
. (6)
In the first two reactions the proton and electron are spectators while in the third all three
initial particles are involved. It is obvious that the three processes (6) are not independent,
for they all are generated by the same initial state. As a result the neutrino fluxes related
to 8B and 7Be nuclei are not independent either.
The question then arises on how strong is the mutual dependence of the processes (6).
This question can be formulated in an alternative form: Up to what extent can the two–body
sub-systems, involved in (6), be considered as independent? Formally such independence
would imply that the total wave function of the initial state could be represented by a direct
product of the wave functions of the subsystems e+7Be, p+7Be, and p+e,
∣∣∣p + e + 7Be
〉
≈
∣∣∣e +7 Be
〉
⊗
∣∣∣p +7 Be
〉
⊗ |p + e〉 . (7)
The possibility of such a factorization for three charged particles was investigated in Refs.
[1, 2], where it was shown that the total wave function reduces to a product of the type (7)
only when all three particles are far away from each other. Such a configuration, however,
can not contribute much to the transitions (6), for they are caused by the strong and
weak interactions which vanish at large distances very fast. Therefore the treatment of the
reactions (6) as independent processes requires further investigations.
II.
The reaction rates of the transitions (1)-(3) can be calculated via two approximations. In
the first one the movement of the nuclei involved is treated adiabatically. This approximation
should be reliable due to the mass ratio me/mA ≪ 1 [3]. In the second approximation the
electron–nucleus Coulomb interaction Ve could be treated perturbatively. This is based on
the fact that the corresponding Sommerfeld parameters at solar temperatures are small.
Furthermore one should bear in mind, that in the center of the sun the average Coulomb
interaction < Ve > is of the order of 10–20 eV which is much smaller than the average kinetic
energy (∼ 1.5 keV) of the plasma particles. Therefore the higher order contributions of Ve
can be ignored and the reaction rate can be written as
R3(~k,~k
′) = 2πδ(Ef −Ei)
∣∣∣
〈
Ψf , ~k
′
∣∣∣Ve
∣∣∣Ψi, ~k
〉∣∣∣2 nenAnB . (8)
Here ~k and ~k′ are the electron initial and final momenta, ne and nA,B the density of electrons
and nuclei, respectively, while Ψi and Ψf are the relevant initial and final nuclear wave
functions.
The initial nuclear wave functions for all processes considered, Eqs. (1)–(3), were cal-
culated by solving the Schro¨dinger equation using phenomenological short range potentials
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and screened Coulomb interactions. The nuclear final states for the processes (2) and (3)
were calculated using the two-cluster models p +7 Be and 3He + 4He. The wave function of
3He was obtained using a Faddeev-type integro-differential equation [4].
The results obtained for the ratio
Λi(T ) =
R
(i)
3 (T )
R
(i)
2 (T )
(9)
for all three processes considered are presented in Table 1. In the aboveR3(T ) is the reaction
rate (8) averaged over the Maxwell distribution of the collision momenta at temperature T ,
and R2(T ) is the corresponding value for the binary process. The density of electrons used
is ne = 100NA cm
−3, where NA is the Avogadro number.
Table 1.
Ratio triple to binary reaction rates as function of the temperature (in 106 ◦K) of the star.
T6 Λ1(T )× 10
3 T6 Λ2(T )× 10
3 T6 Λ3(T )× 10
3
1 0.218 14 0.106 10 0.098
5 0.147 15 0.102 12 0.108
10 0.129 16 0.097 14 0.139
20 0.107 18 0.094 16 0.158
50 0.078 20 0.089 18 0.176
100 0.055 20 0.193
The binary and triple collision reaction rates increase with increasing temperature. However
for the first two processes, (1) and (2), the triple reaction rate grows slower as compared to
the binary one. As a result, the ratios Λi in the first two colums of Table 1 decrease with
increasing temperature.
As can be seen in Table 1 the relative contribution of the triple processes to the fusion
rates are rather small.
The temperature dependence of the binary and triple reaction rates differ slightly. This
is due to the fact that a Coulomb barrier exists only between two particles in all the systems
considered. In contrast one can expect different temperature dependence in cases where all
three particles are positively charged as, for example, in the system p + p + 7Be.
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